We have performed ultrasonic measurements on single-crystalline URu 2 Si 2 with pulsed magnetic fields, in order to check for possible lattice instabilities due to the hybridized state and the hidden-order state of this compound. The elastic constant (C 11 -C 12 )/2, which is associated with a response to the Γ 3 -type symmetry-breaking (orthorhombic) strain field, shows a threestep increase at H ≥ 35 T for H c at low temperatures, where successive meta-magnetic transitions are observed in the magnetization. We discovered a new fact that the absolute change of the softening of (C 11 -C 12 )/2 in the temperature dependence is quantitatively recovered at the suppression of hybridized-electronic state and the hidden order in high-magnetic field for H c associated with the successive transitions. The present results suggest that the Γ 3 -type lattice instability, is related to both the emergence of the hybridized electronic state and the hidden-order parameter of URu 2 Si 2 . On the other hand, magnetic fields H [100] and [110] enhance the softening of (C 11 -C 12 )/2 in the hidden order phase, while no step-like anomaly is observed up to 68.7 T. We discuss the limitation of the localized-electron picture for describing these features of URu 2 Si 2 by examination of a crystalline electric field model in terms of mean-field theory.
group No. 139, I4/mmm), shows an unknown second-order transition at T o = 17.5 K, known as the hidden order (HO) phase, and also a transition into an unconventional superconducting state below T c ∼ 1.4 K. [1] [2] [3] Many theoretical models have been proposed from both localized and itinerant electron pictures in attempts to identify the order parameter of the HO phase. Since 29 Si-NMR and zero-magnetic-field µSR measurements have detected little (≤ 1 Gauss) or no significant internal-magnetic field in the HO phase, [4] [5] [6] non-dipolar-type order parameters, e.g., electric quadrupole (rank 2), hexadecapole (rank 4), Γ 3 -type magnetic octupole (rank 3), or dotriacontapole (rank 5) order parameters, are recently attracting attention. [7] [8] [9] [10] [11] [12] [13] Thus far, none of the characteristic signatures of the electric-quadrupole or magneticoctupole order has been identified in resonant X-ray scattering (under magnetic fields) and neutron scattering under uniaxial stress. 14, 15 On the other hand, a 'nematicity' of the electron state in the HO is pointed out, since an in-plane rotational four-fold symmetry breaking is observed in the HO by the magnetic-torque measurement by use of cantilever technique. 16 The interpretation of these experimental results remains controversial.
URu 2 Si 2 is also considered a heavy-fermion compound since several physical properties of this compound exhibit signatures of many-body effects. In particular, the temperature dependence of the electrical resistivity for I a and the magnetic susceptibility for H c show maxima at around T ρ,max ∼ 70 K and T χ,max ∼ 55 K, respectively, and both quantities are strongly suppressed with decreasing temperatures. 1, 17 The whole feature of the electrical resistivity is similar to the typical Kondo-lattice behavior, whereas the large reduction of the c-axis magnetic susceptibility at low temperature seems to be unconventional, suggesting the influence of crystalline-electric-field (CEF) effects and/or large antiferromagnetic correlations. 7, 11, 12, 18 However, there is no consensus of the mechanism behind the formation of the low-temperature heavy-electron state of this system, even on the CEF 5f level schemes assumed in the local limit.
On the other hand, when applying a magnetic field over 35 T along c-axis, threesuccessive transitions have been observed in resistivity, specific-heat, magnetization, and longitudinal-ultrasonic-velocity measurements. 17, [19] [20] [21] [22] originates from uranium's 5 f electrons. 27 The (C 11 -C 12 )/2 mode, which corresponds to orthorhombic strain that can conserve volume and breaks Γ 3 symmetry, is the only transverse The present study addresses the above issues by means of ultrasonic measurements on single-crystalline URu 2 Si 2 with pulsed-magnetic fields up to 68.7 T at the HochfeldMagnetlabor Dresden to check for the elastic response at high magnetic fields. In the present paper, we report on the magnetic-field dependence of the transverse-ultrasonic mode (C 11 -C 12 )/2 for H c and also for H ⊥ c. This provides new information about the relationship between the HO and symmetry-breaking lattice instability. So far, there are only a few reports concerning ultrasonic studies of the cascade transitions in the high field region using the longitudinal C 11 and C 33 modes, which correspond to strain that changes volume while preserving the tetragonal symmetry.
20, 22
The sample used was a single crystal of URu 2 Si 2 with the dimensions of 3.8 × 1.8 × These transition fields are consistent with previous reports of pulsed-and static-magnetic field measurements. 17, 23, 28 This indicates that an isothermal condition was maintained during the pulse in the present measurement, i.e., a magneto-caloric effect (magnetic refrigeration) in the vicinity of the phase boundary is not occurring, while such effects easily occur when the pulse duration is too short. Indeed, the elastic anomalies shift to lower fields and broaden field region. The difference is, however, within the measurement accuracy of ∼ 5 × 10 −5 from the noise signal. Thus, we conclude that there is no evidence of in-plane anisotropy. Later, we indeed will show that the expected effect is too small to be observable in our measurement.
In Fig. 2 , we present the temperature and magnetic-field dependence of the elastic response for two individual single crystals with similar residual resistivity ratio (RRR = ρ (1.5K) /ρ (300K) ). Sample#1 has RRR ∼ 10 and sample#2 has RRR ∼ 19. These two data sets are plotted with the same ordinate; the upper axis corresponding to the blue data shows the temperature dependence at 0 T, the lower axis corresponding to the data shows the magneticfield dependence at 1.5 K. Here, we notice that the elastic-constant change (softening of ∼0.7%) in the temperature dependence below the local maximum at ∼120 K is comparable to the increase up to H ∼ 45 T in the field dependence. Here, the maximum in the elastic constant eventually occurs as a balance between the phonon-background and the softening of strain-susceptibility due to 5 f -electron effects in the temperature dependence, 27 while the c-axis magnetization shows a maximum at around T χ,max ∼ 55 K. It should be mentioned that the present temperature dependence is different from the previously reported data, 25 which
shows the maximum at ∼ 70 K and also the softening ∼ 0.2% for (C 11 -C 12 )/2. We consider these differences are due to the recent improvements of the measurement conditions, e.g., using mirror-polished sample, appropriate adhesive agents, and higher frequency (higher directional quality) of the ultrasonic wave. It should be noted that the c-axis magnetization also responds similarly to temperature and magnetic field changes. So we point out that there are considerable similarities between the reduction of c-axis magnetization and elastic constant (C 11 -C 12 )/2 in the temperature dependence, and also the different tendencies of the elastic constant between H c and H ⊥ c in the magnetic field dependence and the strong anisotropy in the c-and a-axis magnetization in URu 2 Si 2 . These similarities strongly imply that these phenomena will share a common root cause. The origin must be related to the low-temperature electronic state of this compound and also an anisotropic nature of the HO parameter, e.g., the higher-rank multipole order or the c-f hybridized-band instability. to 70 T using the MF theory with a CEF scheme as described in the text.
As described above, since the hybridization effect will be dominant in the lowtemperature and low-magnetic field region of this compound, it is unreasonable to reproduce the bulk susceptibilities only based on the localized electron model. Nevertheless, some features can be explained by assuming an appropriate CEF level scheme which mimics the hybridization effect, including the band Jahn-Teller effect, even in the localized 5 f -electron picture. 7, 11 In this case, it can be expected that the recovery of the elastic constant (C 11 -C 12 )/2 around the cascade transitions in the high magnetic field region is accompanied by a drastic change of the CEF ground state. In the present paper, we dare to introduce a CEF model in terms of mean-field (MF) theory assuming an antiferro-hexadecapole (AFH) order which reproduce the temperature and magnetic field dependence of (C 11 -C 12 )/2 in both the normal and hybridized states, in order to display the limitations of the localized-electron picture for describing these responses of (C 11 -C 12 )/2. These discrepancies simply show the limitations of the present localized-electron model to describe the elastic responses.
After all, it is undeniable whether the softening of C 11 is caused by the change of bulk modulus C B due to Kondo effect or a softening of (C 11 -C 12 )/2, since the C 11 mode in the tetragonal symmetry includes both contributions, i.e., it is decomposed as C 11 = 3C B - Finally, we will focus on the in-plane magnetic-field dependence at 1.5 K, where no phase transition is found up to 68.7 T (Fig. 3(b) ). T. The magnitude of the modulation due to MF interactions accounts for less than 1 % of this small anisotropy. As described above, even the possible difference between H [100] and
[110] due to the CEF effect could not be distinguished within the present margin of the error
In conclusion, we have performed, for the first time, the ultrasonic measurement of (C 11 - 
